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ABSTRACT 

Interferometric  measurements  of  the  rcori entat ional  relaxation  time  t 
of  the  nitrate  anion  in  concentrated  aqueous  calcium  nitrate  and  r.inc  nitrate 
solutions  have  been  made  as  a  function  of  temperature  and  composition. 
Arrhenius  plots  of  T  for  Ca(NO^)-,-X  IF, 0,  where  X  =  4,  5,  and  5.6  and  ZnfNO.)  ,• 
5  11,0  are  linear  and  yield  activation  energies  in  the  range  of  5.6  to  8.3 
Kcal/mole.  The  data  for  Ca  (NO^)  7  ■  .3 .9 1  H^O,  which  cover  the  most  extensive 
range  of  viscosity  and  temperature,  were  non-Arrhenius  and  were  best  fitted 
by  the  Vogel -Tamman-l'ul cher  equation  from  which  an  ideal  glass  transition 
'■emperaturc  was  derived.  The  viscosity  dependence  of  t  for  both  the 
Cal.NO,).,  and  Zn(N0-.i^  solutions  was  found  to  be  between  that  predicted  by 
ill*  lassical  Stokcs-Einstein  equation  and  that  predicted  using  slip  hydro- 
dynamic  boundary  conditions.  Nitrate  rotation  was  found  to  be  slower  in 
''i'V  solutions  than  in  the  corresponding  Zn(NO^).,  solutions. 
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I.  IMTROP'.imON 

In  this  jiami  w  report  on  dcp  loa  r  i  red  Rayleigh  light  seal  tori  in:  studies 

ol  i  me  cut  rat  oil  t'.a  (NO  . )  -  ami  Zn(NO„)  ,  solutions.  These  studios  were  under 

■>  J  •>  I 

lull  m  in  'tiler  to  I’.ain  further  insight  into  the  strueture  arid  dynamics  ot 
fnese  liquids.  Iii  an  earlier  paper,  dealing  with  these  same  liquids  as  well 
i  oneent  rated  aqueous  ZnCl-,  solutions,  we  outlined  the  information  which 
iiinld  he  derived  from  ultrasonic  and  hypersonic  absorption  coefficient 
measurements  •  the  latter  being  derived  from  the  polarized  light  scattering 
■■.pci  t  rum  (11. 

We  are  placing  emphasis  upon  this  class  of  liquids  because  they  afford  a 
bridge  between  dilute  aqueous  solutions  on  one  end  of  the  scale  and  molten 
-alt-  on  the  other  end.  In  fact,  there  is  some  question  as  to  whether  unique 
stoichiometries  such  as  Ca(NO,)  ,‘4  11,0,  Mg(N0  11,0,  etc.  can  be  con¬ 

sidered  as  fused  salt  analogs  (2).  A  number  of  these  liquids  can  be  rather 
easily  supercooled,  and  thus  they  arc  convenient  media  for  studying  the 
me i a  si ab I e  region  of  the  liquid  state.  A  favorite  among  investigators  has 
!>••!  r  T.aiNO  )  ,-l  11,0, which  has  a  melting  point  of  -12.7°C  and  can  be  read  i  1> 
iiuircooled.  In  fact,  (.'a  (N0.^)  ,  •  -1  11,0  has  now  been  explored  by  the  majority 
of  available  phys i co-chemi ea 1  techniques.  Reviews  of  work  in  this  area  can 
I”  found  elsewhere  (a,  11.  In  addit  ion,  it  now  appears  that  fa('N0.)  , 

•elutions  will  become  import  an*  solvents  for  electrochemical  studies  (5-7). 

in  this  study  in  which  Tabrv-Perot  interferometry  is  employed,  we  are 
limiting  our  attention  to  the  sharp  centra)  depolarized  Rayleigh  component 
wl  1 1.  b  i  ••  iTiitirt'l  at  the  laser  frequency  and  which  is  attributable  to  molceii- 
lai  ri nr ii nt at i on  of  permanently  anisotropic  species  (8).  The  much  broader 
and  understood  Rayleigh  wings, due  to  light  scattering  from  induced 


I 


k 


an i sot  ropy, appear  in  our  spectral  recordings  only  as  a  flat  background  upon 
which  the  central  component  is  superimposed.  From  the  wo  .  of  Prorvin  f 9 )  , 
conducted  with  rather  low-resolution  instrumentation,  it  was  shown  that  the 
centra!  depolarized  Ray 1  eight  component  of  aqueous  nitrate  solutions  arises 
largely  from  rotational  motion  of  highly  anisotropic  NO  anions. 

Currently  there  is  a  great  deal  of  interest  being  focused  on  the-  dependence 
of  the  rotational  reorientation  time  upon  shear  viscosity  f 1 0 ) .  In  the 
maioiity  of  depolarized  light  scattering  studies  which  were  conducted  on 
purr,  mol  ecu  1  nr  organic  liquids  and  liquid  mixtures,  it  has  been  found  that 
for  constant  temperature  experiments  the  rotational  reorientation  times  could 
he  fit  to  the  following  equation 


x  -  Cn  +  x 
s  o 


(1) 


where  n  is  the  shear  viscosity,  C  is  a  parameter  (i.e.,  the  degree  of  trans¬ 
lation  -  rotation  coupling)  and  Tq  is  the  zero  viscosity  intercept;  whereas, 
for  temperature  dependence  studies,  the  following  equation  was  applicable  (8) 


-  ns 

x  =  r  ~  ^  t  ' 

T  o 


(2) 


The  experimental  values  of  C  or  C  have  been  compared  with  the  values 
arrived  at  using  the  hydrodynamic  model  with  both  "stick"  and  "slip"  boundary 
conditions.  Stick  boundary  conditions  were  those  utilized  in  deriving  the 
(ami  liar  Stokos-Hi nstei n  equation 
Vn 


T  = 


kT 


(3) 


wlut'  V  is  the  effective  molecular  volume  of  the  rotating  molecule  which  is 
re. umed  to  be  spherical  and  k  is  the  Boltzman  constant  (11).  The  solvent 
•ml.'iilcs  are  assumed  to  "stick  to"  and  rotate  with  the  solute  molecules. 


'vrrin  derived  equations  using  stick  boundary  conditions  which  apply  to 


m 


either  prolate  or  oblate  ellipsoids  (12J.  These  equations  predict  that  the 
friction  coefficients.  ,  for  an  ellipsoid  will  be  {’renter  than  the  friction 
coefficients  of  a  sphere  of  equal  volume, f  ;  the  difference  will  depend  upon 
the  ratio  of  the  major  axis,  a,  to  the  minor  axis,  b,  of  the  ellipsoid.  With 
these'  mollifications  liquation  (3)  becomes 


v",  p 

•  -  cf  (?  1  f4j 

o 

r  a 

I  he  ratio  ( y  )  is  given  graphically  as  a  function  of  (j-)  in  an  article  by 
o 

Idward  (13).  In  general,  the  stick  boundary  conditions  predict  too  high  a 

t 

value  of  (i  or  C.  ;  i.e.,  they  predict  too  much  friction.  It  should  also  be 
noted  that  the  hydrodynamic  approximation  is  only  strictly  applicable  to  large 


particles  in  a  medium  composed  of  small  molecules.  Furthermore,  neither 


l-quat ions  (3)  or  (4)  allow  for  a  non-zero  intercept  which  has  been  found 
experimentally  in  many  cases  (14-17).  This  non-zero  intercept  is  not  clearly 


understood  at  present,  but  it  is  thought  to  be  associated  with  inertial  effects 
In  certain  cases  has  been  found  to  be  similar  but  generally  slower  than  the 
clnssiml  free  rotator  correlation  time  given  by  Bartoli  and  I.itovitz  (IS), 


1  fit  - 


when  I  is  the  moment  of  inertia. 


When  the  hydrodynamic  approximation  is  used  with  "slip"  boundary  conditions 
it  is  assumed  that  the  resistance  arises  entirely  from  the  fact  that  the  non- 
spherical  object  sweeps  out  a  volume  as  it  rotates  or  translates,  thereby  dis- 
!  *  I  ■  i  -  i  n  a  certain  amount  of  fluid.  Calculations  using  the  slip  model  of 
i-.'f  ai  iona  I  diffusion  for  prolate  and  oblate  ellipsoids  have  been  reported  by 
•in  md  Iwnnzig  (101  and  for  generalized  ellipsoids  by  Youngren  and  Acrivos  (201 


The  stick  boundary  conditions  appear  to  hold  for  large  solute  molecules. 
However ,  as  the  size  of  the  solute  molecules  approach  that  of  the  solvent, 
t  lie-  slip  conditions  become  more  applicable.  In  the  absence  of  strong  solvent - 
■olute  interactions,  the  slip  conditions  also  give  better  agreement  with 
experimental  results  fill).  No  comparisons  have  been  reported  for  aqueous 
so  1  ut  i  oils  . 

1  I  .  1.XP1IR  1MF.NTA1. 

Details  of  the  light  scattering  spectrometer  are  given  elsewhere  (1). 
Measurements  of  the  depolarized  Rayleigh  spectrum  were  made  at  a  scattering 
angle  of  90°.  Tn  order  to  obtain  the  depolarized  spectrum,  the  electric  vector 
of  the  single  longitudinal  mode  argon  ion  laser  beam,  oriented  in  the  vertical 
direction,  was  rotated  90°  with  a  half-wave  plate,  preceding  the  sample  and 

o 

fabricated  for  S 1 A S  A  radiation.  A  polarizing  filter  (Polaroid)  with  the 
extinction  ratio  of  1 0  4 ,  located  in  the  path  of  the  scattered  light  before 
the  Fnbry-Perot  interferometer,  was  oriented  to  pass  only  the  vertically 
polarized  component.  As  pointed  out  by  Rank  et  al.  (22),  this  arrangement 
eliminates  problems  with  polarization  dependent  optics.  The  setting  of  the 
half-wave  plate  was  established  with  the  aid  of  a  Cll an-Thompson  polarizer 
fevtinction  ratio  10  '"*1  .  The  alignment  of  the  Polaroid  sheet  was  made  by  set¬ 
ting,  the  incident  beam  for  horizontal  polarization  with  the  half-wave  plate 
and  then  by  rotating  the  Polaroid  until  the  intensity  of  the  Pavleigh  component 
arising  from  the  light  elastically  scattered  by  an  aqueous  suspension  of  poly¬ 
styrene  spheres  was  minimized. 

Details  of  the  sample  preparation  and  analysis  have  been  given  in  an 
earlier  publication  (1).  Hubbles  were  especially  troublesome  in  these  viscous 
solutions  (2X),  and  difficult  to  eliminate.  Bubbles  and  dust  were  eliminated 


•1 
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l>v  filt  nit  ion  through  0.1  )i  Nucloopore  fi  Iters  held  in  i  'i  ol‘ Jon  holder.  Pres¬ 
sure  to  t  ho  filt  rant  was  exerted  by  a  piston  filtration  unit  (Creative  So  len¬ 
til  i  r  equipment  Corporation  of  bony,  Beach,  California).  Only  those  samples 
which  appeared  free  of  Tyndall  sea t t e r i up  to  the  eye  in  the  high  intensity  argon 
ion  laser  beam  were  employed  in  these  studies.  If  the  filtered  solutions  ware 
1 11  owed  to  freeze  anil  then  remeltcd,  bubbles  would  reappear. 

The  concentration  range  covered  had  an  upper  limit  dictated  by  the  diffi¬ 
cult)  of  preparing  a  bubble-free  solution;  the  lower  limit  was  established  by 
the  fact  that  the  rotational  motion  became  so  rapid  that  the  depolarized 
Rayleigh  component  was  extremely  broad,  creating  si gnn 1  - to-no i sc  problems.  The 
tempi' rat  tire  range  was  restricted  at  the  high  end  (60°C)  by  the  loss  of  water 
and  at  the  low  end  by  the  fact  that  the  rotational  motion  became  so  slow  that 
broadening  could  not  be  measured. 

Overlap  of  depolarized  components  from  adjacent  orders  can  cause  signifi¬ 
cant  uncertainty  in  placing  the  baseline  which  can  in  turn  lead  to  errors  in  the 
half-width  measurements .  Overlap  becomes  more  serious  as  the  free  spectral 
rmgo  is  decreased  (2-1).  A  free  spectral  range  was  employed  such  that  the 
observed  half-width  was  approximate!)  0. 1-0.2  of  a  free  spectral  range  - 
a  procedure  similar  to  that  of  Phillies  and  Kivelson  (2S).  As  a  result,  little 
error  is  expected  from  the  procedure  of  taking  the  zero  as  the  minimum  of  the 
observed  intensity  curve,  which  occurred  at  a  point  midway  between  adjacent  de¬ 
polarized  Ray  1  eight  components.  The  instrumental  line  shape  was  determined  by 
recording  a  polarized  spectrum  of  light  scattered  elastically  by  an  aqueous 
;>o | ) sty renc  sphere  suspension  contained  in  a  cell  identical  to  the  sample  cell. 
Ibis  spectrum  was  immediately  recorded  before  and  after  that  of  the  sample  in 
idir  to  assess  any  effect  of  equipment  instability.  Since  the  whole  sequence 


X 


was  completed  within  13  to  13  minutes,  drift  and  deterioration  of  finesse  did 
not  prove  to  be  a  problem.  The  spectra  were  always  recorded  at  high  sweep 
rates  with  a  very  good  Houston  200f)  recorder  so  that  linewidths  could  be 
reiiablv  amplified  for  ease  of  measurement.  The  depolarized  linewidth  was 
often  several  times  greater  than  the  instrumental  linewidth. 

A  number  of  spectra  were  anal) zed  with  a  Hewlett  Packard  (HP)  9855A 
Hesktop  computer.  This  necessitated  first  digitizing  the  instrumental  and 
depolarized  spectra  from  the  analog  recordings  with  a  HP  9874A  digitizer  or  a 
IIP  H.'-'-’iA  Digital  Plotter  if  equal  frequency  intervals  between  points  were 
required.  In  the  course  of  this  digitization  the  spectra  were  visually 
smoot hed . 

The  shear  viscosities  which  were  not  available  in  the  literature  were 
determined  by  a  calibrated  Cannon-Ubbel ohde  viscometer. 

1  1  i  .  KFSIJL,TS  AND  DISCUSSION 

A  typical  depolarized  spectrum  together  with  the  corresponding  polarized 
spectrum  and  zero  level  are  shown  in  Figure  1.  As  was  mentioned  earlier,  the 
Rayleigh  wings  appear  as  a  flat  background,  consisting  of  overlapping  adjacent 
spectral  orders  within  the  free  spectral  range  employed.  No  substructure 
(i.t  .,  no  doublet)  was  observed  in  the  central  component,  indicating  that 
scattering  from  the  overdamped  shear  mode  which  couples  to  orientational  fluc¬ 
tuations  is  either  not  occurring  or  not  making  a  measurable  contribution. 

In  Figure  2,  one  of  the  depolarized  components  taken  from  Figure  1  has 
boon  fit,  using  a  nonlinear  regression  program,  to  a  single  I.orentzian  plus  a 
baseline.  The  sum  of  the  squares  of  the  residuals  for  th'  fit  is  0.0095. 

We  wouUI  expect  the  NO,  ion,  which  has  D  ^  symmetry  and  which  is  an 
■■Male  ellipsoid,  to  give  rise  to  a  depolarized  spectrum  consisting  of  two 

(i 


I  .o  rent  t.  ians  (26).  The  moment  of  inert  in  about  the  C  axis  is  1.19  x  10 
t>  e«r  while  the  two  equal  moments  of  inertia  about  the  axes  which  lie  in  the 
plane  of  the  atoms  and  which  are  perpendicular  to  the  C,  axis  are  one  half 
this  value.  The  fact  that  the  depolarized  spectrum  can  be  fit  to  a  single 
l.orent z i an  implies  that  rotation  about  these  latter  two  axes  gives  rise  to 
the  depolarized  spectrum.  Rotation  about  the  C,  axis  does  not  affect  the 
depolarized  Rayleigh  linewidth,  since  the  polarizability  of  the  N0_  ion  is 
isotropic  about  this  axis. 

In  figure  3  the  instrumental  profile  has  also  been  fitted  to  a  single 
borentzian.  The  sum  of  the  squares  of  the  residuals  in  this  case  is  0.048. 
Others  have  been  able  to  fit  their  instrumental  profile  to  a  single  Lorcntzian 
function  (27).  This  instrumental  response  function  is  a  convolution  of  the 
laser  profile  and  the  interferometer  profile,  and,  as  shown  by  Leidecker  and 
f/iMacchia  (28),  it  is  in  general  best  approximated  by  a  Voigt  function,  which 
is  characterized  by  a  Lorcntzian  and  a  Gaussian  part.  In  several  studies  a 
ratio  of  the  borentzian  fraction  to  the  Gaussian  fraction  of  about  0.5  has 
been  reported  (28,  29).  The  Gaussian  contribution  can  result  in  the  instru¬ 
mental  profile  having  wings  slightly  more  compressed  than  that  of  a  pure 
borentzian.  Any  misalignment  of  the  interferometer  and/or  the  pinhole  pre¬ 
ceding  the  photomultiplier  will  distort  the  instrumental  profile  so  that  it 
i an  no  longer  be  approximated  by  a  Voigt  function.  This  instrumental  profile 
is  folded  with  the  actual  distribution  of  the  scattered  light  to  produce  the 
experimentally  measured  spectrum. 

In  view  of  the  finding  that  the  depolarized  and  instrumental  profiles  were 
■  losely  described  by  borentzian  functions,  a  good  approximation  to  the 
d'Mio  I  .i  i'  i  zed  Rayleigh  semi -hal  fwidth  with  instrumental  broadening  removed,  T, 


was  obtained  by  subtracting  the  instrumental  semi  -  ha  1  fw  i  tit  b  from  the  recorded 
depolarized  Rayleigh  semi -hal fwidth .  A  further  refinement  to  the  value  of  F 
was  made  to  account  for  the  departure  of  the  instrumental  function  from  pure 
l.otvnt.’.ian  character  due  to  the  reasons  cited  above.  This  was  accomplished 
by  making  use  of  the  procedure  (as  well  as  a  BASIC  version  of  the  exact  pro- 
g ram i  described  by  Pine  (30).  This  procedure  entails  convoluting  generalized 
l.orentzian  functions  with  the  digitized  instrumental  profile  until  a  match  is 
obtained  between  the  semi -hal fwidth  of  the  convoluted  spectrum  and  that  of  the 
recorded  spectrum.  The  computer  generated  values  were  an  average  of  6%  greater 
than  the  Lorentr.inn  semi-halfwidths  obtained  by  straightforward  subtraction. 
Pine.  (30)  found  a  I  0T  difference,  but  he  was  dealing  with  Brillouin  components 
of  the  polarized  spec t run  where  component  overlap  results  in  a  greater  back¬ 
ground  subtraction  error  than  encountered  here  with  the  depolarized  spectrum. 
Since  the  spectra  reported  on  here  were  obtained  in  the  form  of  analog  record¬ 
ings  and  not  all  were  suitable  for  computer  analysis,  the  6%  correction  factor 
was  applied  uniformly. 

Considering  the  many  possible  sources  of  error  in  determining  T,  which 
include  spectral  no i so, int erferometer  instability,  errors  in  placing  the 
baseline,  errors  in  the  above  outlined  deconvolution  procedure,  temperature 
and  free  spectral  range  uncertainties,  as  well  as  possible  contributions  from 
stray  light  and  leakage  of  the  polarized  spectrum,  an  overall  error  in  T  is 
difficult  to  estimate.  A  conservative  estimate  would  place  this  error  some¬ 
where  between  +  ST  and  +  lOV 

Using  these  values  of  F,  corrected  for  instrumental  broadening,  the  rota¬ 
tional  relaxation  time,  r,  was  computed  from  the  formula 

,  .-  J_. 

.’iif  (61 
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The  values  of  t,  along  with  the  required  values  of  the  shear  viscosity  n  , 
appear  in  Tables  1  and  2. 

In  figure  4,  Arrhenius  plots  for  the  CafNO^^  solutions  and  Zn(NOj)2  ‘  5 
H.,0  solution  are  depicted.  The  data  for  all  the  solutions  except  the 
CafNO^)^  •  3.91  H70  could  be  least  squares  fitted  to  straight  lines.  The 
parameters  for  these  lines  are  given  in  Table  3.  Also  given  in  Table  3  is 
the  apparent  activation  energy  E  for  rotation  which  appears  in  the  equation 
t  =  exp  (F.^/RT)  (7) 

where  x  is  a  constant,  R  is  the  gas  constant,  and  T  is  the  absolute  tempera¬ 
ture  . 

The  activation  energy  for  nitrate  rotation,  as  can  be  seen,  is  very 
similar  for  CafNO^),,  •  4.0  H^O  and  Zn(N0j)2  •  5.0  H^O.  However,  the  acti¬ 
vation  energies  for  the  solutions  show  a  fairly  significant  change 

in  going  from  5  H^O  to  4  H?0.  This  could  be  due  to  a  structural  change.  One 
possibility  is  the  rearrangement  of  the  coordination  sphere  of  the  cation; 
for  example,  the  transition  from  one  nitrate  to  two  nitrates.  On  the  basis 
of  vibrational  spectroscopic  data,  it  has  been  inferred  that  contact  ion 
pairs  between  Zn+2  and  NO^  are  formed  when  the  water-to-salt  ratio,  X, 
drops  below  6  (31).  Using  the  same  (E')  band  splitting  criterion,  Ca+2 

forms  Inner-sphere  complexes  with  N0^  when  X  <  6  (32) . 

The  range  of  temperature  as  well  as  viscosity  covered  by  the  measurements 

for  CafNOj)^  •  -3.9  H20  is  greater  than  for  any  of  the  other  liquids  studied, 

consequently  the  non-linear  behavior  in  Figure  4  is  not  at  all  surprising. 

In  fact,  this  same  non-linear  behavior  would  be  expected  for  the  other 

solutions  as  well  if  the  temperature  range  were  extended.  Our 

measurements  for  Ca(NO  )  •  3.91  HO  have  entered  the  upper  end  of  the 

J  Z  c. 
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■ upcrcoolcd  region.  Since  the  three  parameter  Vogel -Tamman-Fulcher  equation 
has  been  used  extensively  in  fitting  the  transport  properties  of  various 
hydrate  melts  (33),  it  was  selected  for  fitting  the  CaCNO^),  •  3.91  H^O  data. 

In  terms  of  r,  this  equation  can  be  expressed  as 

T  -  AT  ''exp  (^-|-)  (8) 

o 

where  A,  R,  and  Tq  are  parameters.  The  parameter  T^  has  been  given  physical 
significance  by  the  free  volume  theory  of  Cohen  and  Turnbull  whereby  T  is 
the  "ideal"  glass  transition  temperature  at  which  the  free  volume  of  the 
liquid  disappears  and  liquid  transport  becomes  impossible  (34).  In  the  alternate 
theory  of  Adams  and  Cibbs  (35)  is  the  temperature  at  which  the  eonf igurat ional 
eniropy  of  the  supercooled  liquid  becomes  zero. 

The  experimental  values  of  T  were  non-linear  least  squares  fitted  to 
the  logarithmic  form  of  the  preceding  equation,  namely 

'°e  T  =  2355  <t4->  -hioSr*c  m 

O 

where  C  =  log  A.  The  fitted  values  are  B  =  438.59°K,  C  =  -  22.14,  and  T  = 
203.75°K.  A  plot  of  log  x  +  h  log  T  is  shown  in  Figure  5.  fhe  expected 
straight  linge  shows  the  goodness  of  the  fit.  This  value  of  T^  is  quite 
reasonable,  considering  that  Moynihan  (36)  has  determined  a  value  of  205°K 
for  Ca (NO^) ^  *  4  11^0  from  shear  viscosity  dat3.  Angel  1  and  Moynihan,  how¬ 
ever,  have  pointed  out  that  in  order  to  obtain  precise  values  of  T  and  B, 
the  transport  data  must  extend  over  several  orders  of  magnitude  (33). 

Angel  1  and  Moynihan  also  have  reported  that  the  composition  studies 
of  Ca(.\0„) 2  '  X  li20  (X  =  4  to  7)  yield  results  consistent  with  the  B  for 
equivalent  conductance  of  590°K  and  the  B  for  shear  viscosity  of  690°K  (33). 
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In  the  case  of  Ca(NO  ).,  •  4  11,0  the  mean  activation  energy  for  shear  viscosity 
n  ,  evaluated  over  the  range  of  25°  -  70°C,  is  approximately  10.6  Kcal/mole  (37). 
Clearly,  the  barriers  to  migration  and  viscous  flow  in  these  liquids  are 
greater  than  for  rotational  motion  of  the  NO^  ion.  In  the  Raman  spectroscopic 
study  of  the  rotation  motion  of  the  N0^  ion  in  monovalent  nitrate  melts  by 
I’onyatcnko  and  Radchenko  (38),  the  energy  of  activation  was  also  found  to  be 
less  than  that  for  visous  flow.  This  was  interpreted  to  mean  that  the  rota¬ 
tional  motion  of  a  NO,  ion  in  nitrate  melts  can  be  represented  in  the  form  of 
rotational  oscillations  relative  to  an  equilibrium  position,  accompanied  by 
occasional  turns  with  a  change  in  orientation.  An  extensive  analysis  of  the 

activation  energies  of  translation  determined  from  NMR  measurements,  E^  , 
h  trans 

with  those  of  rotational  E  ,  and  viscous  flow,  En  / T ,  of  organic  liquids 

p 

(39)  indicated  that  E  -  fi  /  T  '*  I:  ,  revealing  that  the  viscosity  of  a 

trans  rot 

liquid  depends  to  a  larger  exten*  on  the  frequency  of  the  translational,  rather 
than  orientational,  jumps  of  molecules. 

As  has  already  been  mentioned,  the  actual  relationship  between  the  rota¬ 
tional  reorientation t  ime  t  and  the  shear  viscosity  is  of  special  interest.  In 
this  regard  two  different  types  of  plots  have  been  made.  First  in  Figures 
()  and  7,  r  is  plotted  versus  ns  for  Ca'NO,)  ,  •  X  H^O  at  40°C  and  Zn  (NO,)^  • 

X  11,0  at  80°C,  respectively.  In  both  cases  the  rotational  reorientation  time 
t  varied  due  to  a  variation  in  water  concentration;  that  is,  the  solute  - 
solvent  ratio  with  the  nitrate  ion  being  considered  the  solute  were  varied. 

The  values  of  for  Figure  5  were  taken  from  the  data  by  Bak  (40).  Notice 
in  table  1  that  the  three  experimental  values  of  for  Ca(NO^),,  ■  4  H?0 
which  were  determined  bv  different  investigators  do  not  agree.  The  values  of 
rq  for  the  Zn(N0  solutions  which  were  used  in  Figure  6  were  determined  in 

1  I 


this  study.  Both  of  these  plots  have  been  fitted  to  straight  lines  with  non¬ 
zero  intercepts.  The  equations  for  these  straight  lines  are  given  in  Table  3. 
In  the  second  type  of  plot,  which  is  shown  in  Figure  7,  T  is  plotted  as  n 


function  of  n  /T  for  Ca(NO^)^  •  4  11,0.  Again  a  linear  dependence  is  found. 

I n  this  case,  however,  the  composition,  i.e.  X,  is  fixed  and  the  variation  of 
[  and  T)  citli  temperature  is  considered.  It  should  be  noted  that  the  shear 
viscosity  values  employed  in  Figure  7  are  those  of  Moynihan  (36).  The  parame¬ 
ters  obtained  by  linear  regression  analysis  appear  in  Table  3. 

Comparisons  between  the  experimental  slopes  of  Figures  5  and  6  and 

the  slopes  calculated  using  stick  and  slip  boundary  conditions  are  given  in 
fable  4.  Also  given  in  Table  4  is  a  comparison  between  the  experimental 
0*  obtained  from  Figure  7  and  the  values  calculated  again  using  stick  and 


slip  boundary  conditions.  It  is  apparent  from  equations  1,  2  and  4  that 

C  =  (-  )  ( 

stick  kT  '■f  ;  ' 

o 


Values  of  V  =  25  A  and  (a/b)  -  0.48  were  employed  in  these  calculations. 


These  values  were  based  on  the  disk-like  model  of  the  nitrate  ion  proposed  by 

Janz  and  James  (41,42).  From  the  a/b  ratio  and  the  paper  by  Edwards  (13),  it 

follows  that  f/f  =  1.04. 

o 


C  ..  can  be  calculated  using  the  equation 
slip  n 


slip  RnxrykT  (U) 

while  C'  .  =  C  T  (12) 

slip  slip  v  ' 

where  X  is  a  slip  friction  coefficient  and  p  and  p  are  ellipsoid  axial  ratios 

x  y 

which  are  defined  as  the  ratio  of  the  given  axis  to  the  longest  axis.  Again 


using  the  dimensions  specified  by  Janz  and  James  (41,42),  p^  =  0.48  and  p^  =  1 . 
Using,  either  reference  19  or  20,  a  friction  coefficient  of  X  =  1.28  is  obtained. 


r_ 


An  alternate  way  is  to  use  available  tabulated  values  oi  .  'r\.,  irj, 


/f  .  .  19) 


For  an  oblate  ellipsoid  of  axial  ratio  0.48,  one  obtaines  = 

0 . ?9 .  Using  the  values  of  C  .  .  or  C  .  , ,  it  is  an  easy  matter  to  compute 

stick  stick 

C  or  C'  . 
slip  slip 

Table  4  reveals  that  stick  boundary  conditions  result  in  a  value  of 

C  or  C'  which  is  too  high.  This  prediction  of  too  much  friction  lias  been  the 

general  finding  for  stick  boundary  conditons.  The  slip  boundary  conditions, 

however,  underestimate  C  or  C',  and  consequently  the  friction  coefficient 

as  well.  The  ratios  between  the  C  and  C  .  ,  and  C  .. .  for  Ca(NO-).  • 

exp  stick  slip  3  l 

X  H90  and  Zn(N0^>2  -X  H90  are  very  similar;  even  this  difference  could  be 
attributed  to  experimental  error  and  uncertainties  in  the  values  of  n  .  The 
stick  boundary  conditions  appear  to  be  more  applicable  in  these  two  cases. 
However,  the  slip  boundary  conditions  yield  a  value  far  closer  to  Cg  for 
the  Ca(N0^>2  •  4  H^O  experiment  in  which  the  temperature  was  varied. 

An  explanation  for  these  conflicting  findings  is  not  completely  apparent. 
In  the  first  type  of  experiment  in  which  X  was  varied  at  constant  tempera¬ 
ture,  the  pair  correlations  are  expected  to  vary  considerably  more  than  in 
the  constant  temperature  experiment  for  Ca(N0^)2  •  4  H^O.  Perhaps  stick 
boundary  conditions  are  able  to  account  for  these  changes  in  pair  correla¬ 
tions  more  effectively  than  slip  boundary  conditions,  while  slip  boundary 
conditions  are  more  applicable  for  constant  composition  in  which  the 
temperature  is  varied  and  in  which  pair  correlations  play  less  of  a  role. 

In  any  event,  it  can  be  concluded  that  the  NO  rotation  is  under  viscous 
control  and  the  experimental  values  of  C  or  C'  lie  between  the  values  pre¬ 
dicted  by  the  stick  and  slip  boundary  conditions. 
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Moynihan  and  Angell  (43)  have  interpreted  their  results  on  the  chrono- 
pot ent iomet ric  diffusion  coefficients  of  Ag+,  T1+,  and  Cd+2  ions  in  molten 
( :i(NO  •  4  H.,0  in  terms  of  the  St okes-Einstein  equation.  It  was  found 
that  for  a  given  value  of  nt.  there  exist  a  correlation  betweem  the  diffusion 
coefficient  and  ionic  radius.  At  a  given  temperature  the  agreement  between 

+2 

the  observed  and  calculated  diffusion  coefficients  for  Ag+,  T1+,  and  Cd(H.O) 

2  s 

were  fairly  good.  Unfortunately,  the  quality  of  this  comparison  is  questionable 

in  view  of  the  criticism  by  Lovering  (44),  who  contends  that  Moynihsn  and  Angell 

did  not  collect  their  data  under  strict  diffusion  control. 

It  is  also  interesting  to  note  that  the  value  of  the  free  rotator  correla- 

-13 

tion  time  for  the  NO^  ion,  calculated  using  equation  (5),  is  2.5X10  sec. 

This  value  is  considerably  shorter  than  the  intercept  values  which  were  found 
in  this  study.  (Refer  to  Table  3). 

A  comparison  between  the  values  of  T  for  Ca(N0  )0  •  5.0  HO  and  Zn(N0  ) 

•  5.0  H?()  at  50°C  reveals  that  rotational  motion  is  1.6  times  slower  in 

Ca(N0  )  than  the  corresponding  Zn(N0.)„  solution,  even  though  the  value  of  E 
11  11  a 

is  5.6  Kcal/mole  for  the  CaOlO^j  solution  and  8.3  Kcal/mole  for  the  Zn(N0^>2 

solution.  This  can  be  explained  on  the  basis  of  the  higher  viscosity  for  the 

C;i(NO.j)2  solution  and  remembering  that  nitrate  rotation  is  under  viscous  control. 

The  higher  viscosity  of  the  Ca(N0^)2  solution  can  in  turn  be  accounted  for  by 

+2 

the  more  ionic  nature  of  the  Ca  -  N0^  bonds. 

Tn  our  analysis  we  have  neglected  the  effects  of  orientational  pair 
correlations.  We  have  assumed  that  the  broadening  of  the  depolarized  Rayleigh 
component  was  entirely  attributable  to  single  anion  reorientation;  i.e.,  we 
have  employed  the  single-particle  Brownian  rotational  diffusion  picture. 

Rayleigh  scattering  is  a  coherent  process  so  the  depolarized  spectrum  contains 
information  about  correlated  molecular  reorientation.  One  method  of  gaining 
additional  insight  into  the  pair  interactions  is  to  compare  the  results  of 
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Raman  and  depolarized  Rayleigh  scattering.  Raman  scattering  is  an  inco¬ 
herent  process,  and  the  width  of  the  Raman  band  is  determined  only  by 
vibrational  and  reor ientational  relaxations  of  single  molecules  (45) .  An 
alternate  approach  is  to  compare  the  NMR  reorientational  correlation  time 
(which  is  also  a  single  molecule  relaxation  time)  with  the  results  of 
depolarized  light  scattering  (46).  Such  experiments  are  now  in  progress. 
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Experimental  Oata  for  Zn(NO^)^  X  ^2^ 
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If  Xj,  y.  are  the  values  of  the  independent  and  dependent  variables, 
respectively,  measured  in  the  course  of  the  experiment  and  y^  =  +  b^x. 

is  the  fitted  equation  where  b^  and  b  are  parameters,  then  the  standard 
error  of  the  estimate  is  equal  to  the  expression 

i  -(bQ  +  bjyi) 
n  -  2 

number  of  experi mental  points. 


u 


TABLF,  4 


c 

(‘stick 

c 

exp 

slip 

i>  lut  ion 

XlO  s/poise 

XlO^s/ poise 

XlO^s/ poise 

•i(NO.i).,  •  X  H?0 

4.95 

6.01 

1  .50 

I  =  40’C 

n(N03);,  ■  X  H20 

4.39 

5.83 

1.46 

t  =  50°t; 

cf 

C'  , 

c 1 

exp 

stick 

slip 

xio8  s  !K 

xio8  ~-K- 

xio8 

poise 

poise 

po  lse 

-4  "2" 

8.54 

18.8 

5.45 
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